We study the Higgs sector of the U(1) ′ -extended MSSM with CP violation. This is an extension of the MSSM Higgs sector by one singlet field, introduced to generate the µ term dynamically. We are particularly interested in non-standard decays of Higgs particles, especially of the lightest one, in the presence of CP violating phases for µ ef f and the soft parameters. We present analytical expressions for neutral and charged Higgs bosons masses at tree and one-loop levels, including contributions from top and bottom scalar quark sectors. We then study the production and decay channels of the neutral Higgs for a set of benchmark points consistent with low energy data and relic density constraints. Numerical simulations show that a Higgs boson lighter than 2m W can decay in a quite distinctive manner, including invisible modes into two neutralinos (h →χ 0χ0 ) up to ∼ 50% of the time, when kinematically allowed. The branching ratio into h →bb, the dominant decay in the SM, is reduced in some U (1) ′ models and enhanced in others, while the branching ratios for the decays h → τ + τ − , h → W W * and h → ZZ * → 4ℓ are always reduced with respect to their SM expectations. This possibility has important implications for testing the U (1) ′ model both at the LHC and later at the ILC.
I. INTRODUCTION AND MOTIVATION
Confirmation of the Higgs mechanism of the Standard Model (SM) of particle physics demands discovery of the elusive Higgs boson, likely seen at ATLAS [1] and CMS [2] at a mass around 126 GeV. The Minimal Supersymmetric extension of the SM (MSSM), which is arguably the best motivated extension of the SM, offers stabilization of the Higgs mass, and moreover agrees well with the SM predictions in certain portions of its restricted parameter space. For instance, for the upper limit of m h ∼135 GeV of the MSSM h →bb is the dominant decay mechanism (∼ 60%) in the SM and in the MSSM. On the other hand, in gauge and Higgs extended supersymmetric models, the properties of the Higgs bosons can be substantially different from that of the standard supersymmetric model predictions.
For instance, the addition of one singlet field to the MSSM Higgs sector provides new treelevel contributions to the F -and D-terms, which stabilize the Higgs mass naturally at a larger value [3] . While many models predict a light Higgs boson around the weak scale (say ∼100 GeV), it will take some time to differentiate whether the boson discovered at the LHC belongs to the SM gauge symmetry, its minimal supersymmetric version (MSSM), or even to another extension such as the gauge extended versions of the MSSM.
Extensions of the gauge symmetry by an extra U(1) factor (supersymmetric or not) are arguably the simplest extensions of the minimal model. The best justification for these extended models arises from assuming grand unified theories of strong and electromagnetic interactions (GUTs). In GUT symmetries, it seems difficult to break most scenarios directly to SU(2) L × U(1) Y , as most models such as SU (5), SO(10) , or E 6 involve an additional U(1) group in the breaking. In supersymmetric U (1) ′ models [4] (referred to as U(1) ′ models from now on), the number of the neutral Higgs bosons is increased by an additional singlet field (S) over that of the MSSM, and the vacuum expectation value (VEV) of the singlet S is responsible for the generation of the µ term, which allows Higgs fields to couple to each other [5, 6] ; while number of charged Higgs bosons in the U(1) ′ extended models remains the same as in the MSSM. The interest in the Higgs sector of the U(1) ′ models also comes from the fact that such models arise naturally from string inspired models [5, [7] [8] [9] , or as the dynamical solution to the µ problem in gauge-mediated supersymmetry breaking (GMSB) [10] . While in the MSSM and in the U(1) ′ models lightest neutralino is the best candidate for a LSP, for the latter the LSP is less constrained.
In these models, the lightest Higgs boson could potentially behave differently from the SM or the MSSM Higgs boson due to its singlet nature. While a Higgs boson of mass m h ∼ 126 GeV can be predicted by the SM, or by the MSSM, or by numerous other models, the coupling of the Higgs to the known fermions or bosons is not the same in all these models.
This fact can be extrapolated not only from the number of the Higgs bosons but also from their production and decay mechanisms.
Of all the Higgs bosons in a model, the properties of the lightest neutral state are the most interesting, also given its likely discovery already at the LHC. An interesting possibility is that its decay could be partially into invisible modes (a possibility hinted at by the reduced branching ratios into fermions at the LHC), or that there is another Higgs boson lighter than the one at 126 GeV, which decays completely or almost so, invisibly [11, 12] . This scenario is motivated by global fits to the data at the LHC which indicate that a Higgs boson branching ratio of 64% is still unaccounted for [13] .
In SM the Higgs can decay invisibly only into neutrinos, and this branching ratio is ≤ 0.1% [14] . A light Higgs boson with substantial branching ratio into invisible channels can occur in a variety of models including scenarios with light neutralinos, spontaneously broken lepton number, radiatively generated neutrino masses, additional singlet scalar(s) and/or right handed neutrinos in the extra dimensions of TeV scale gravity. Among these possibilities, invisible decay of the lightest Higgs into light neutralinos is interesting since the light neutralinos are well motivated candidates for the Lightest Supersymmetric Particle (LSP), providing viable relic density explanations * . Decays into light neutralinos are possible in models with non-universal couplings, where LEP limits can be circumvented [17] , and in models with a light dark matter candidate. For instance, a study [18] indicates that this is a possibility in E 6 , where the lightest Higgs boson of the Exceptional Supersymmetric
Standard Model E 6 SSM can decay into the lightest neutralino pairs more than 95% of the time [19] .
Additionally, the Higgs sector in extended models could provide potential sources of CP violation beyond the phase of the CKM matrix, also important for the observed baryon asymmetry of the universe. These phases can affect the masses and couplings of the Higgs bosons to the gauge and matter fields of the model, as was shown in studies of Higgs sectors of the MSSM [20] and next-to minimal supersymmetric models (NMSSM) [21] . The phases can also affect production and decay rates patterns, as we will show in this study. Motivated by the above considerations, we study anomaly-free U(1) ′ models to probe their peculiar Higgs sector consistent with the known (astrophysical and collider) bounds, which are included in our benchmark points. We add the scalar quarks and neutralino contributions, and calculate a complete spectrum for the latter, and insure agreement with the relic density, assuming that the lightest neutralino is the LPS . We then study the production and decay modes of the lightest neutral Higgs boson, with the purpose of unraveling the existence and consequences of invisibly decaying Higgs bosons within the U(1) ′ model.
The outline of our study is as follows. In the following section (Section II) we introduce our effective U(1) ′ model, with particular emphasis on the Higgs sector. We present treelevel ( II A) and one loop mass evaluations (II B), and then an analytical calculation of the charged and neutral Higgs masses (II C). We then introduce the neutralino spectrum (II D) of the U(1) ′ model, which contains two additional neutralinos from the MSSM. We include the constraints on the particle spectrum coming from low-energy measurements of CP violation in Section III, in particular from electric dipole moments (III A) and ε K (III B). Following the exposition of the model and its constraints, we present our numerical investigations in Section IV, in particular for the lightest neutral Higgs boson production and decay in IV A, comment on the second lightest neutral state in IV B. We summarize our findings and conclude in Section V. The full form of analytical solutions for the masses can be found in the Appendices.
II. THE U (1) ′ MODEL WITH CP VIOLATION
We review here briefly the U(1) ′ model, with particular emphasis to the Higgs and the neutralino sectors, as these are relevant to our study. The superpotential for the effective
where we assumed that all Yukawa couplings except for Y t and Y b are negligible. As can be seen from (1), by replacing the µ parameter with a singlet scalar (S) and a Yukawa coupling (Y S ), we resolved the µ problem of the MSSM [6] ; µ is generated dynamically through the VEV of the S field (see II A) and is expected to be of order of the weak scale.
In addition to the superpotential, the Lagrangian includes soft supersymmetry breaking terms containing additional terms with respect to the MSSM, coming from gaugino masses
) and trilinear couplings A S , A t and A b as given below and the eigenvalue of this matrix yields, when CP is not conserved, the expression
where we defined the loop function
with f = t, b. From this it is easy to obtain the mass of the charged Higgs in the CP conserving case. This can be achieved by taking the limits C t → 1, C b → 1 and S t → 0,
We present explicitly the four entries of the charged Higgs mass-squared matrix in the Appendices.
The presence of the CP-violating affects the chargino, neutralino and scalar quark mass matrices. As we are concerned here with the (tree-level) Higgs decays into neutralinos, we show the effect on the phases on the neutralino mass matrix. Note that the chargino mass matrix is unchanged from the MSSM one, though it depends on U(1) ′ breaking scale through the µ → µ ef f parameter in the mass matrix. Similarly, the elements in the sfermion mass matrices are modified due to the presence of the Z ′ boson. Their explicit expressions have appeared elsewhere [26] .
The neutralino sector of the U (1 
with gaugino mass parameters 
Moreover, the doublet-doublet higgsino and doublet-singlet higgsino mixing mass mixings are generated to be
where
The neutralinos mass eigenstates are Majorana spinors, and they can be obtained by diagonalization
The neutralino mass matrix is diagonalized by the same unitary matrix
).
The additional neutralino mass eigenstates due to new higgsino and gaugino fields encode the effects of U(1) ′ models, wherever neutralinos play a role such as in magnetic and electric dipole moments, kaon mixing, or in Higgs decays.
III. CONSTRAINTS AND IMPLICATIONS FOR THE CP VIOLATING HIGGS SECTOR A. Electric Dipole Moments
The experimental bounds on the electric dipole moments of the neutron d n < 6.3×10 −26 e cm and the electron d e < 1.8 × 10 −27 e cm [17, 29] , are some of the most tightly bound measurements in physics. The electric dipole moment (EDM) of a spin- 
and it is induced at the loop level if the theory contains a source of CP violation at the tree level. Unlike the SM, where the EDMs are generated through the phase of the CKM matrix at higher loop level and are thus small, in MSSM, where they are generated at one-loop level, the electric dipole moments are very important, and they provide important restrictions on the parameter space of the model. In U(1) ′ supersymmetric models, they acquire contributions from gluinos (for neutron EDM) and chargino and neutralino (for both neutron and electron EDMs), and the contributions are generated by µ ef f = µe iθs , with an additional contribution generated by theZ ′ neutralino. The EDM was analyzed in [22] in the limit in which the sfermions are much heavier than theZ ′ .
The neutralino contributions to EDMs tends to be overall subdominant. To suppress the EDMs we can proceed as in the MSSM [28] : we can require that the trilinear stop
(that would suppress the sfermion contribution);
we can assume cancellation between different SUSY contributions (in particular destructive interference between gluinos and charginos); or we can require that the first and second generation sfermion masses be in the TeV region. Alternatively, one can assume generically small CP-violating phases, a path we do not wish to follow here, not just based on naturalness, but because we wish to investigate the effects of the phases on Higgs phenomenology.
In the case where g Y ′ = g Y , the case we consider here, the constraints on U(1) ′ parameters are similar to those on the MSSM. The parameter space we choose for our benchmark points insures that the contributions to the EDMs are sufficiently small.
The physical phases of the Higgs singlet and in the scalar fermion, chargino and neutralino mass matrices could alter the the value of the measure of the CP violation in K 0 −K 0 mixing, measured to be ε K = (2.271 ± 0.017) × 10 −3 [17] .
The contributions to the indirect CP violation parameter of the kaon sector, defined as
with ∆m K the long-and short-lived kaon mass difference, and M 12 the off-diagonal element of the neutral kaon mass matrix, is related to the effective Hamiltonian that governs ∆S = 2 transitions as
Here c i are the Wilson coefficients and O i the corresponding four-fermion operators. In the presence of SUSY contributions, the Wilson coefficients can be decomposed as a sum
where the first contribution is the SM one, the second is the charged Higgs, and the rest are supersymmetric contributions. In U(1) ′ models, the dominant supersymmetric contributions come from the chargino mediated box diagrams, and the ∆S = 2 transition is largely 
where f K is the kaon decay constant and m K the kaon mass; V ij are the V CKM elements, mq is the average squark mass, taken equal to M SUSY ; mW ± = M 2 is the wino mass, and mH± = µ is the higgsino mass, and r i = m and for M SUSY ∼ 1 TeV, which is consistent with our squark and slepton masses, the supersymmetric contributions to ε K are consistent with the experimental constraints.
IV. NUMERICAL ANALYSIS
As mentioned in the introduction, gauge extensions of the SM by one or several non-
′ gauge groups can arise naturally from a string-inspired E 6 SSM model [18, 19] . In E 6 SSM models the matter sector includes a 27-representation for each family 
′ as a low energy group. Anomaly-free U(1) ′ groups are thus generated this way, directly, or as a specific linear combination. We first define the models that shall be investigated in our numerical analysis. They all emerge from breaking of higher groups [31] . For instance, the anomaly free groups U(1) ψ [32] and U(1) χ [33] are defined by:
In general a U(1)
we distinguish among the different scenario by the values of θ E 6 :
• θ η = π − arctan 5 3 for U(1) η wich occurs in Calabi-Yau compactification of heterotic strings [34] ;
• θ S = arctan √ 15/9 for the secluded U(1) S , where the tension between the electroweak scale and developing a large enough Z ′ mass is resolved by the inclusion of additional singlets [35] ;
• θ I = arctan 3 5 for the inert U(1) I , which has a charge orthogonal to Q η [36] ;
• θ N = arctan √ 15 for U(1) N , where ν c has zero charge, allowing for large Majorana masses [37, 38] ; and
for U(1) ψ , defined above from the breaking of E 6 [32] .
In the Table I below, we list the charges for the fundamental representations of E 6 in the U(1) ′ models which we use for numerical investigations of Higgs boson properties. 
In what follows, we investigate the consequences of each of the anomaly-free groups on the Higgs production and decay at the LHC. In Table II 
, as defined in [26] . The constraints on the mass parameters, constraining the choice of benchmark values, are: † By CP violating scenario, we mean the specific case where θ s is given by the values in Table II .
•
• Requiring the next lightest neutral Higgs boson to have mass m H 0 2 > 600 GeV (as it has not been observed at LHC);
• Requiring the lightest neutralino mass to be consistent with collider limits on Z boson decays, but also to allow for the possibility of the neutral Higgs boson to decay into a neutralino pair;
• Choosing the lightest neutralino to be the LSP and requiring that the relic density constraint be satisfied;
• Choosing the Z ′ boson mass to be consistent with present limits [17] ;
• Choosing scalar masses and trilinear couplings which satisfy constraints from EDMs and CP violation in the kaon sector, as described in the previous section (III).
As we would like to allow the Higgs boson to be kinematically allowed to decay into two neutralinos, we impose the LEP constraint on the Z boson width Based on the input parameters, we calculate the spectrum of the physical masses of the extra particles in the model, which are used in our numerical evaluations. These values are given in Table III . We also included in this table the relic density of the dark matter for all scenarios. Throughout our considerations the lightest neutralinoχ 0 1 is the lightest supersymmetric particle (LSP) and thus subject to cosmological constraints. The relic calculation ‡ Our benchmarks are different from those NMSSM [44] , where CP conservation was assumed, and where the dominant decay mode of the lightest CP-even Higgs is into the pseudoscalar Higgs boson pairs. 
Parameters
The relic density of the dark matter Ω DM h 2 is very sensitive to the free parameter R Y ′ listed in Table II Table II fall into the range of the values allowed by the relic density (within the green band). We incorporate these restrictions in our analysis of Higgs mass and decay widths. We proceed to examine the effects of the CP violating phases on the masses, production cross sections and branching ratios of the lightest Higgs boson. Table II . Table IV , for θ s = 0 (no CP violation) and for θ s as in Table II (with CP violation). We list associated Higgs-vector boson cross sections, and the total cross section for the vector boson fusion. Though subdominant production modes for Higgs bosons, these are the dominant channels for observing an invisible decay of the Higgs boson [11] . Note that we do not include here the dominant production mechanism gg → H 0 1 , as this mode is plagued by large QCD corrections, and thus it is difficult to isolate the invisible decay of the Higgs boson, which in this production 21 channel is expected to come from gg → H 0 1 +jet, and be small. As expected, the vector-boson fusion production mechanism dominates over the Higgs-vector boson associated production in all models. The numbers are fairly consistent across the models, and largely independent of CP violating phases. Thus we forgo plots of the production cross sections and expect that any differences would show up in the branching ratios of the lightest Higgs boson. We list the dominant decay branching ratios (in %) for the lightest neutral Higgs in our model and for comparison, in the SM in Table V , again for no CP violation (θ s = 0)
and with CP violation (with phases as given in Table II 22 strong in the case of U(1) S , where the branching ratio increases for θ s (as in Table II) to 3 times of its CP-conserving value, and for U(1) I where it increases more than twofold. The decay into the invisible mode can reach over 50%, which is similar to the value obtained in the MSSM [48] . Note that the decay into invisible modes is sometimes at the expense of the main SM decay into bb. In two of the models studied, U(1) S and U(1) I the H 0 1 → bb branching ratio is in fact increased with respect to the SM value, while in U(1) η , U(1) N and U(1) ψ it is suppressed with respect the SM expectations. But a general feature of all these models is the strong suppression of the H
modes, expected to have a branching ratio of 21.5% and 6%, respectively, in the SM, but much smaller here. The branching ratio for the decay H
while that for H ′ models, a more precise measurement of the Higgs boson branching ratios at the LHC will serve not only to differentiate between the SM and the U(1) ′ model, but among the different versions of U(1) ′ 's. In Fig. 3 we and tan β. As we have seen previously tan β ∼ 1 − 2 (as in Table II) , and in that region the invisible decay width is large, and very sensitive to tan β. We show the variation of the branching ratios of the other dominant SM and U(1) ′ modes, as well as the that for
, because the LHC is sensitive to this decay in the 124-126 GeV mass range, and the value is expected to become more precise. Note that we did not include any of the loop dominated decays, such as H is different from one in the SM or MSSM and hence, production and decay mechanisms are affected. Also significant is that U (1) ′ models, unlike the SM, predict a light Higgs boson
We chose anomaly-free versions of U(1) ′ motivated by breaking of string-inspired E 6 SSM, and study the effects for both the CP-conserving and CP-violating scenarios, and compare the lightest Higgs boson production and decay to that in the SM. Our analysis has two goals:
one is to analyze effects of CP violation on Higgs masses and decays, the other is look for differences among each of the U(1) ′ models for decay patterns, and identify characteristic signatures.
We perform a complete study of Higgs sector of the effective U(1) ′ models, starting with calculation of masses and mixings in the Higgs sector, and including corrections from the stop and sbottom sector to one-loop level. Then we introduce benchmark scenarios for each
′ model, defined in terms of soft parameters, and the Higgs, Z ′ and sparticle spectra obtained for the benchmarks. We include a complete spectrum for the neutralinos, and include the saturation of the relic density constraint for each of the five versions of the U(1) ′ models. Our mass spectra calculation is restricted by the inclusion of all the known constraints on the low energy spectrum, and including all the recent constraints on the lightest Higgs boson mass, and also for rare decays and cosmological constraints.
We then investigate the cross sections in channels (the vector fusion channel and the associated Higgs production with a vector boson) most propitious to look for the Higgs boson to decay invisibly. While the cross sections are not significantly affected by the CP phases (coming from the effective µ parameter and the scalar trilinear couplings), the masses and the branching ratios show significant variations. With one exception, the decay into the lightest neutralino pair is significant in all, and dominant in two of the five U(1) ′ models under investigation. The invisible decay comes with, sometimes a suppression of the bb decay mode, from 60% to as low as 36%, except for U(1) S and U(1) I , where the branching ratio is enhanced with respect to the SM, up to 73%, in the absence of CP violating phases.
All models exhibit a strong suppression of τ + τ − mode (by a factor of [2] [3] , of W W * (by a factor of [2] [3] [4] [5] and of 4ℓ by the same factor. Some of these branching ratios seem to be in agreement with the present LHC data [45, 46] The decay patterns would enable to distinguish U(1) ′ models from the SM, but also from each other. For instance, U(1) S and U(1) I show some similar decay patterns, insofar as the decay H 0 1 → bb is dominant. Among all the models studied, U(1) S is the only one where the branching ratio of Higgs decay into neutralinos is below 10%; while in U(1) I the branching ratio into invisible modes is in the 10-20% range. In U(1) η , U(1) N and U(1) ψ , the partial width into the invisible mode is significant, but in U(1) η it is still slightly below that into bb.
Distinguishing between U(1) N and U(1) ψ could also be based on the branching ratio into the invisible channel, which can be over 50% in U(1) ψ , but under 50% in U(1) N .
The characteristic signatures at the LHC would be distinctive kinematic distribution of the two quark jets in the Higgs production through vector boson fusion, compared to the Zjj and W jj backgrounds. In the Higgs production with an associated vector boson, the ZH associated production seems more promising, as a clean signal in the dilepton + E T channel will have little background, unlike the W H model where the single lepton + E T suffers from large background effects from off-shell Drell-Yan production, as previously discussed in the literature [11] . This scenario also has consequences for other neutral Higgs states, and for the charged Higgs, the analyses of which await more data.
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